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By EllisG. Slack

SUMMARY

Wind-tunneltests of the heat-tiansferckacterlstics of the
laminsrand turbulentboundarylayerson a cOOhaflatplatewere con-
ductedat a nominalI&h nuniberof 2.4. DELtawere obtainedfor a
Repolds nudbermmge of 1.5 x 105 to 3 x 106 and fa nominal surface
z~s of -40°F to 45° F with recwery temperaturesof the order

!lheteqperature+?ecuveryfact=, obtainedfhom the heat-txansfer
. data,agreedwell with previousqerimntal flatmlate results. For
the case of a ~ ~ -z tie resfitsme i*~nt of
tie Reynoldsmmber with an averagevalue of Q.@+. Fm the case of a

;
turbulentbounkry layer,the averagevaluewas 0.906. Withinthe
transttim region,the resultsshowedconsiderablescatter,wll$hvalues
ranging from 0.9 to 0.97.

The hea’t-transferdatawere obtainedwith a negativetemperate
ment U- the plate overa I@or portionof the test regionof the
plate. For tiM case d laminarboun~ k~rs, the negativesm?f’ace-
temperaturegradtentswere foundto here a siirongeffecton the heat-
tmansfercoefficients,pr-~ valuesconsiderablyblgherthanwould
be qecteti for a constant-temperaturesurface. The results,when
relatedto the constant-temperaturecaseby means of a theoretical

. SI@YSiS, were generallyIn good agreementwith theoreticalresults
fcm constant-temperaturesurface. Far the case of tucbulentboun&qr
-S th heat--f er coefficientswere in excellentagreementwith
theoreticalmmlts, and the negativesurface-temperaturegradients
were foundto have li’ttleeffect.
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INTRODUC!EtON

“

.—

I* iS ~t * be ab~ ~ c~c~* the h-t-~sf= ca*-
isticsof supersonicvehicleswith a reasonabledegreecd?accuracysince
surfacetaqperatur es”and heat-transferrates h futuremissilesand
alz’p-s may attain values whichwouldd’feets~lcantly the vehicle
structureand cmrtents. Such calculationsrequireJmowledgeof the
natameof thebound&ry-layer-flowcondition(i.e., whetherlamlnaror
turbulent)and of ~ adiabaticwall _erature or recuveryfactor.

At present,only limitedexperimentaldata are avatlableon the
heat-transfercharacteristicsof bodiesw’htchmay be applicableto
supersonicvehicles. The purposeof this investigationis to enlarge .1”
tie fund & suchdata throughtestsof a flat plateat supersonic +=:
velocities. .=....

A numberof eqm?imentalresultson the temperature-cavery
factorson conesand bodiesof revolutionhave been obtainedfor tie
case of lamtnarboundarylayers,and the agreementwith theoretical
resultsis good (references1 and 2). ‘~ntal data for the
_m*me-recmsry factarsfor the case of laminsmb~ ~rS
on flat plates=e presentedin references3 and 4, and tihereis some
differencebetweentheseresultsand thosefw cones. For the case of
the turbulentboundaryI.&yerthereare some ~imental resultsfar
both flatplatesand bodiesof revolution(reference 3). Theseresults
- ~lJ-$but more *ti covering a widerrangeof vari&blesare still
reqtied.

In the case of heat transferthroughlaminarbounderylayerson
flat platesand cones,the thearycan be considered nearlycomplete.
Corroborativeexpez%mntalresultsare stillrelativelymeagerexcept
for the case d heat transfer‘timucones. !Ihetheoreticaland e~eri-
mental.wmk domeprim to 1947 is eummrized convenientlyin refer-
ences5 and 6. ~bseqyent analyseshave been performed,amng others,
by Chapmanand Rubesin(reference7)~ and Lighthill(reference8).
!Ihesetwo referenceshave extendedlaminar-boundary-kyertheoryto the
case of ~bitmxry distribution& surfacetemperaturej and the latter
also includes,f cm the jmcqssible case,an ~bitz’arydistribution
of localfree-streamvelocity. Heat transfer throughleminerboundary
-s on bodiesof revolutionhas been studiedin a nuniberof investi-
gations(references1, 9, 10, and U).

Knowledgeof the heat-tz’ansfer characteristicsof bodieswith tur-
bulentboa layersin supersonicflows ts meager. Theoretical
consideratiashave been obstructedby insu#?icientinformalzbmconcern-
X the detailedmechanismof turbulenceand relativelyfew ~rtmental

.
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Investigationshswe been performed. Theoreticalresultshswe been
. ~esented h references5, 12, and 13j experimental.resultshave been

presentedIn references1, 5, and 12.

!lhepresentreportpresentsheat-transferand temperature-recuwry-
factordatafor lambm? and turbulentboundarylayersobtainedfrom a
cmled flat plate3XLa sqsonic air streamof M nuuiber2.4. A flat-
platemodelwas chosensincelittledatafor flatplates=e availsbla;
also a constantlocalfree-streamveloci~ was desired
theoriespredominantlyconsiderthis case. Thesedata
available

Nu

Pr

9.

r

Re
.

local

plate

theoreticaland ~r3mental results.

NOTMZON

speedof sound,feetper second

surface

~CifiC heat

speclflcheat

gravitational

area, sqyarefeet

of air at

of air at

forceper

constantpressure,Btu per

stnceavalMbla
are CcqparedUltih

constantvolune , Btu P=’ Ptiz *

unit mass, 32.2 feetper second>second

localheat-tmansfercoefficient,Btu per second,squarefoot,OF

thermal conductivity,Btu per second,squme foo’t,* ~’ f~t

Mach number
U
ga ,Umenslonless

()
Nusseltnumber * di13EnshllEsB

()6@pFrandtlnuniber ~

heat-tiansfer rate,Btu per

recovery factor

Reynoldsnuuiber

tempera-, OF

second

()Ulx— ,dinEnsionkss
v

.
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-a-$ OF absolute

all’velocity~ to,plate, feetper second

distancealongplatefrom leadlngedge,feet

distancenamal to platesurface,feet

ratioof specificheats
()
* ,1.40for sir, &hlM3nsionless

boundary--r thiclmess,feet

boundary-layermomentm thickness,feet

absolutiviscosity,pound-secondsper sqwwe foot

()
khematic vlscosi@ ~ , sq- feet per seccmd

m3es *nei@, slugsper ctiicfoot

~bscripte

adiabatic-wallconditions

wall or surfaceconditions
.

free-streamconditions

stagnationconditions

.

.
.

.— —

.

.
.

.

DESCRIPTION OF ~

Ames 6-InchHeat-!&ansferTuunel

!he hes 6-inchheat-transfertunnelused fbr this Wvestigatlm
has been describedin detailin reference3.

The Flat-PlateModel

The flat+late mdel (fig.1) spannedthe test sectionof the tunnel
and was sqgportedsuch that its medianplanewas coincidentwlti the
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plane of synuB*

i Cola. steel. body,
of the test section. The modelconsistedof a fabrt-
3/4 tichthick,contaimtngtie coolantpassageways;

a plasticsheet5-1/2 by 13 Inchescontainingthe Inslzumentation;
a l-3/&inch-Lmg steel nosepiece with a 10° leading-edgeangle;and
plasttcsheatblnguver the =st of the steelbdy for thermalinsula-
titm. The msasmed roughnessof the plate surfacewas an averageof
70 mtcroinches from the mean profile. Mr leakage betweentie mcdel
md the tunnelualdswas preventedby sealingwith thinrdher stmlps.

Eeat meterswere Installedfm measuringthe heat-tr?ansfer rates.
Theywere constructedin a manners~ to that aesmbea h refer-
ence 14 and were 3/8 inchtide and 1-1/2incheslong and l-tea at
l/2-inchtntervalsalongthe platetith the firstmeterlacated2 Inches
fYom the plateleadhg edge. The plasticsheetcontainingthe heat
meterswqe sandwlcheiiby cementingbetweentwo l/64-tnchplastic.sheets.
The completedasseniblywas appretely 3/64 inch thick.

KUsncopper-constantsathermocbqpleswere -Wea for determMng
the @ate-surfacetemperature.The firstthree,at 0.75,1.25,and
1.50 inchesfrom the leadlngedge,were installedin the nosepieceby
P- ~~ fib ho~s m-a fim tie UU* side * titifil/* ~
of the top surface. The r~inhg sewn thermocqpleswere placedb
~s cut m tie mder side of the plastic heat-me* assemblywhezi
It was cementedto the main steelbody of the plate. Thesethermo-
coupleswere tica~ at 2.20,2.84,3.84,4.84,6.34,7.84,9.34,e
10.84Inchesfrom the leadingedge of the plate.

●

b,
The calibrationof the flat-plate-l was perfcmmedusinga

-a heat s-cc whichproducesknown quantitiesof heat per ~it.
time throughthe plate surface. Heat-flowratesthrou$hthe heat meters
were obtainedIn termsof thetivoltageoutputs. The scwent&mmo-
c~les InibeddedIn the plasticm?asmed a tenprature other than fibs
mmface temperature. W difference betweenthe temperaturemeasured
by the thermcoqpbs and the ~ture of the surfacewas ae~a
by calibrationIn termsof the heat-metervoltages. me surfacetelIL-
peratue thus
tWrlUocou@es
and the plate

.

was calculatedby addingthe IxmQeratureneamred by the
to the temperatma difference
smface.

Coollng Sy13tem

between the

The coollng system for the flat plate c0n6ii3tea of
. eration maddnej a-cimmla~ pump,i thermostatically

thermcotqples

a 2-tonrefMg-
controlled

~ valve, and alcohol as the coolant. The ndxingvalve controlled
thealcohol -atureat anyteqerature between@Fand-x° Fby.
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controlling the quantities of alcohol that flowed~ough and bypassed
the refrigerationnwmhlne. When the coolantsystem
equilibriumthe mlxlngvalve controlledthe alcohol
desiredvaluewltMn its ~ to l/20F.

TESTHUEDUREJUJDMWURACY

was near th&mal
teqperalaueat my

!Jhe test conditionscovereda Reynoldsnudberrangebased on length
alongtheplate of lX,000 to 3 million, and a surface-teqperatierange
of-400 Fto450F. ~ Reynoldsnuulberrangewas obtainedby varying
the stagnationpressurefrom 2 to 36 poundsper sq~e inchabsolute.
The surface- variaticmwas obtainedby vsxyingthe alcohol
_ra el stagnationtemgw8turewas maintainedat

all.the tests.

The Mach mndberdlstaxtbuticmalmg the platewas determinedfrom
static~ssure and _t+ressure masuremnts. me equipmentused
and the procedurefollowedfar thesetestshave been describedin
reference12.

It was not possibleto attainadiabattcconditionson the plate
surface for the purpose of determining the recovery temperature; there-
fore, the recovery tengeratures were @uated frm the heat-transfer
databy extrapolationof the heat-transferratesas a functionof the
ratioof the plate-wallteqperatme to the stagnationtenQeratureto
zero heat-transfercondition. llheextrapolationat eachpositionalong
the platewas carriedout alonga straightllne determinedby tie method
of leastSqus ● The correspondingrecuveryface were then calcu-
latedusingthe follming equation:

‘o ‘Taw

[

2r=l-— —
% (7-l)M12 + 11 (1) “

.

h

.-

The validityof thisextrapolationdependson the heat-transfercoeffl-
ctentsbeing independentof the surfacetemperatureof the plate.

The localheat-lmansfercoefficientswere calculatedfrom the
equation .-

(2)
. .

.

.. . .
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where the heat-ta?ansfer ratesand the plate-surfacetemperatureswere
calculatedusingthe heat meterand thernmcouplevol~es and the
calibrationdata;the recaverytemperatures,taw, me ti~d ~

noted above.

When the heat-transfermsas~ nts were completed,velocl’&de*-
minationswere made in the ~ layerof the plateushg the same
technigyesand imstrmentsas thosedescribedin reference12. .

The estimatA accuracyM the ~erlmental measmements era pre-
8=tea in the followingtable:

Quantity
I

q/A

*’

taw

r

h
ml

* RaP#/s
.

M

Re

Estimated
Iu@mLlmelmm.

+1/2 percent

●4° F

fiO percent

*0.01
*O.75 percent

Baai.s of estimate

Iusximumspreadh calibrationdata

calculated~’.usingmeximumvalue
Of q/A,OCCUrr~ - testsand
nwsimumerror in q/A

maximumspreadIn data

calculatedfrom eqyation(1)

maximumspreadof data

precisionof measurements

precisionof -Ureme nts

DISCUSSIONOF RESUL~

I&& NmiberDlstrtbutlonon Flat-PlateModel

!theMach nuniberdlatributionson the flat-Plate-1 ae * m
f@me 2 for four stagnationpressures. The in--ase in the Mach tier
witihIncreasingstagnationpressureis believedto be due to a changein
the effectlve+?earatio of the nozzlewhich is causedby chmges of the
thicknessof the boundarylayeron the tunnelwalls and *. The
maximumm!u?latlonIn the Mach nuuiberalongW plate at any ~ticular

* stagnationpressureis 0.08,which is a 3-percentv=lation. Thus$
thecmetlcalresultsfor flatplatesshouldapply sincethe localfree-
streamW nuniber,or veloctty,is essentiallyconstant.“
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me plate-surface-temperatureand heat-transfer-ratedistribu-
tionsare presentedin figure3 for stagnationpressuresof 6, 16, and
36 poundsper squme inch absolute. Theseare representativeof,all
the dataobtained. me ftistthreetemperature-datapointson each of
the figuresare for the steelnosepieceand are generallyhigherthan
the tevatures fartherback alongthe plate sincethe nosepiecewas
relativelyuncmled. F@re 3(a)showsdatafor conditi~ such that
the boundarylayerwas belkved to be laudnarover the entire test
length. For a stagnationpressureof 16 psia (fig.3(b)),the boundezy
layeris believedto be lamina up to about4-1/2incheswhere the
begbning of transitionis indicatedby the suddenIncreasein the heat-
transferrate and the rise in surfacetaqerature. At 36 psia stagna-
tion~ssure (fig.3(c)),transitionhas %egun at less than 2 Indhes
and ends approximatelyat 3-1/pInches. mls is indicated by the
increasingheat-transferrate from 2 ta 3-1/2inchesand the gradusJ.
decreaseIn heat-tmansferrate from 3-1/2to 5 inches.

A shockwave ortgtnatlngat the leadlngedge of tie platewas
reflectedfromthe _ wall of tie tunneland was incidenton the
surfaceof the plateat appraxi?mtely7-1/2inchesfrom We leading
edge of the plate. The effectof this shockwave on tie ~ ~Wr
dependedon the strengthof the shockwave which,in turn,dependedon
the stagnationpressure. Wom figure3(a) it can be seenthat the shock
wan at 6 psia stagnationpressurehas very littleeffecton the boundary d
m, fifleat 36 RS~ s~tion Pres~ (fig=3(c)) w effect IS
quitepronounced,as indicatedby the rise in heat-transferrate at
7-1/2inches,md a~~s to extend~stream to about5-1/2tithes. .

Eecauseof this the datahave not been used for positionsalongthe
plate of 6 inchesand beyond.

Boundaxy-~r VelocityProfiles

~ figure4 sre presentedtwo representativeexperimental
layerveloci~ dlstributt~ tich were used for comoboration
@pa of b~ layeras deducedfrcm the heat-transferdati.

boun&ry-
af the
me two

velocttydistributionswere obtainedat 5~1/ainchesfrom the leading
edge and for stagnationpmssmws of 6 and 36 psia. The theoretical
velocitydistributionscorrespondingto theseconditionswere obtained
fhm references7 and 12, respectively.The ~-tal velocitydis-
tributionsagreesufflclentl.ywell with the theorettcelones to identify .
h boundarylayersas Iam3narand turbulent. Heatdm%nsferdati corre-
spondingto thesevelocitydlstributkmsare presentedin figures3(a)
and 3(c). Sinceidentificationof the @pe of boun~ _ fhom * .

.

.
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heat-transferdatawas corroboratedf’orthese@pical cases,the pro-
cedureof identifyingthe Qpe of boundsrglayerfrm the heat-transfer
data is believedto be validfor the whole of the data.

TeqeraturedlecoveryFactor

UJP~C~ ~n~ ** f== w--ted ~ f’- 5 ~th heat-
tmnsfer ratesas a functionof the ratio of swface temperatureto
stagnationtemperaturefor threevaluesof the stagnationpresswe.
For eachpositionalongthe plate,the datapointssre locatedvery
neexl.yon a straightline. This indicatesthat,for the rangeof
surfacetemperatureinvolved,the heat-transfercoefficientsare inde-
pendentof eitierthe surfacetemperatureor.the temperaturepotent~
causingheat tiansfer, sincethe heat-transfercoefficientsare related
to the slopesof these1-s. ~us extrapolationof thesedata to zero
heat-transferratesfar the purposeof determiningthe recuverytsqpera-
ture seemsvalid.

. .

.—

RLgure 6 ~sents the temperatur~eoovery faotom as a function of

Reynoldsnumber. ThisRe~olds numberis based on the dlstanoefrcunthe
>leadingedge of the plateand on air Wopertles evaluatedat the free- . _

streamstatictemperature.The data lndioatethat the te.mperature-
reooveryfactorfor a lamlnarboundarylayeris essentiallyoonstantwith
a valueof O.884*0.006whioh is 2 peroentand +1/2 percenthigher,
respectively,than the theoreticalvaluesof (P@ tz)= and (Prl/2)w. The
agreanentwith the experimentalresultsof referenoe3 is good,but the
presentresultsand thoseof referenoe3 are 3-1/2peroenthigherthan

.—

experimentalresults(r s O.85)obtainedon cones(references1 and 2).
For the turbulsntboundarylayerthe temperature+ecoveryfactoris
0.906*O.004for Reynoldsnunbersfrom 2 to 3 tilllon. Thesevaluesare
about1 percenthigherthan the valuespresentedin referenoe3 and
agreewell with the theoreticalvalue (Frl\3)~. For the transitionzone,
whioh extends frc+ma Re~lds numberof 1 to 2 million,the temperature-
recoveryfactorsexhibitconsiderablematter rangingfrom 0.90 to 0.98,
and are higherthanvaluesfor the laminarand turbulentboundarylayers.
Thesedata are higherthan the resultsfrom reference3 for a transition
boundarylayer,but referenoe1 has reportedvaluesranging from 0.92 to
0.97. In general,the presentresultsfor temperature+ecoveryfactors
are higherthan theoretloalresultsmd experimentalresultsfor cones
(references1 and 2). The reasms for thesedifferencesare not, at
present,understoodbut mightpossiblybe due to the dlfferencesin flow
conditionsover flat platesand ocmes,detailsof model construction,or
wind-tunnelflow conditionssuohas air+tream turbulencelevel..

HealAlkansfer Results
.

The heat-transfercoefftcientscalculatedfmm the e~erlmental data
are presentedin figure7. -se resultswere obtainedfrom testeat
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4, 8, 16, 20, 28, and 36 psia stagnatim pressures. For 4 and 8 psla
stagmtlon pressuresthe boundarylayerwas”alllamlnarand the heat-
transfercoeffloientsdeoreasedin valuewith inoreaslngdistancealong “-

the plate. At 16 psia stagnationpressure,transitionfrom a laminar
boundarylayerto a turbulentcme apparent~beglns at about5 fnohesae

..

indloatedbythe s~ght inoreasein value of the heat+transfercoeffi-
cients. At 20 and 28 psia stagnationpresswm, translt~oniS fidl~ted .
as beginningat 4 and 3 tiohessrespectively.At 36 psia stagnatim ,
pressure,transitionhas begun ahead of 2 inohesand endsat about

—

3 In&es where the heal+trensfercoeffloimtsrea~ a ~~~value and - ““.:
begin decreasingwith increasinglengthalmg the ylate.

Heat-tiansferdataare often comelated by ~s of the dlmenston-

less qpression Nu/RePrl@ as a functionof Re~olds nuniber (refer-
ence 15). Theheat-tmnsfer~ta of this investigationare presented
in thisform in figme 8 and are comparedwith theoreticalcnmvescom-
putedfrom references7 and 13. Ithesedimensionlessrepresentationsare

--

of generalvalue onlyfor resultsobtainedfrom a suface with a unif- .
teqerature. The presentresultswere obtainedfrom a suface with a
nonuniformtemperatureand canuotbe coqpareddirectlywith resultsf=

.—

a swrfacewith a uniformteqerature. In orderto compme theseresults
with theoreticalresultsfor constant+sm%ace t-rature, the present
datawere relatedto the case of a surfacewith a uniformtewrature by .

means of theorettced.calculationsdescribedin reference7 for the case
of the laminarboundarylayer and in reference 16 for the case of the
turlnil.entboundarylayer.

.

Figure9 presentsthe heat-transfercorrelationfrom figure8 as
relatedto the caseof a conetant-tqperaturesurface. A coqpxrison of
tie two figuresindicatesthe effectof the nonunifbm temperatureof

.

the surfaceon tie heat-transfercoefficients.Fm the caseof the o
lead= b~ -r the correctionfactorwas a mxbnum of 50 percent
far the resultsat 2 Inchesand 10 percentat 5 -es. It is to be
notedthat the correctionfactorsappliedto the datausingresultsfrml
reference7 - only a~oximate, sincethe experimentaltemperature
distrl.butionsalongthe plate surfacewere a~ ted with a sixth

.

degreepolynaminalratherthana puwer serieswhich is calledfor in tie
exactsolution. Kthismay have contributedsomuhat to the scatterof
the resultsfor the laminarboundarylayer h figure9.

For the caseof the turbulentboun~ layer,the resmts ~e f~
pmitions 4 and 5 fichesfrom tie lea exe ~ the P~~ ● At ~ese -
positionsthe temperatured the surfacehad reachedessentiallyconstant -
values. (!alculattonusingthe mthod of reference16 indicatedthat the c
data at 4 and 5 Incheswere affectedlessthan 5 percentby the te~era- .
ture @adients on the frontpartlonof the Plati. In view M tbe s-
magnitudeof thts temperatru.%~dienteffect,no correctionwas qpplied
and the valuesfor the turbulentboundarylayerare the same in fig- .

ures 8 and 9. NO atteqptwas made to correctthe resultswiiihtithe
tmmsitton region. .—

.

1



IWACAT?J2686 u.

lhe results fa the ~bouudmy layer (fj.g.9)agreetotithin
20 percentof * -ca?etic-klresultswtth the ~eptton of the data
obtainedat a posttion2 Inchesfrom the leadingedge M tie plateWch
- 85 percentabovethe theoretic~ resuIts. ~is kge difference
betwe~ the experimentaland theoreticalresultsat 2 inches could not
be accountedfor entirelyby assuminga maximm plausible tqperatme
discontinui~at the Jointbetweenthe nosepieceand plate in a~ly3mg
themethods ofreterences6ti 7but~hme beendualgoto the
effecton the flow of * leadtngedge and $otnt.

“Forafully ~d turbulentb~layer occurringaftera
natmal kitten, - resultsconvergewith con@~tlvely little
scatterto the theoreticalresultsfor a constant-tqperature surface
presentedby Van Meat (reference1.3).The resultsfcw a turbulent
~ - ~e -ted to a rather mall Reynolds mndber rangeand,
thus,cmclusions _ fram the resultsmust be ccmrespondlngly
restricted.

The theoretical analyses of the turbulent boun~ layeron flat
platesall considerthe boundary~ as being turbulentfrom the
&adhg edge. !IhIswas not the case for the presentexperimentsas the
turbulent portton of the ~ ~ was precededby a shortlength
of lsml~ bounderylayerand a natural-transitionregion. The good
agreeeent,then,of tie experimentaldatawith the theoreticalresults
(f*. 9) is thereforefortuitous. ~ orderto Investigatethis,a
furthercoa@arisonof tiese~er~ntal datatith theoreticalresults

m WELS made. !lheboundary-m momentumtbichess, 0, at 5 and 5-1/2inches
from the l@ing edge and correspondingReynoldsmuibersof 3.0 and
3.3 lnilllon,respectively,were determinedfrom ~actwressure surveys

. tiumu@ the b~ ~ and used in fmmlng a Reynoldsnuuiber(Ule/%~).
_ ~ Wesents the theoreticalcmve, obtainedfrcm reference13, of
Reynoldsnudberbased on tie bundary-layernmnentumthiclmessas a
functionaP the Reynoldsnmlberbased on the tistancefrom the leading
edge and two pointsdetemdned frcm the exper~nts. KIhe~erimntal
POtits- apprcdmately25 percentbelow the theoreticalcurveindicat-

. ~ that the cqerimmtel tdmlent boundarylayerwas thinnerthan the
tieorettcalboundarylayer,ar, h effect,behavedas If the originof
the ~imental bomdxry -- s- Petitdownstreamfrom the le~.
* edge of the plate. !lhus,the properlengthsfor use in fornbg the
Reynoldsnumbersshouldbe the effecttvelengthof the turbulentboundsry
m~~=~tititancefrom theleading edge of the plate. A
methodfor determining-s effectivelengthis describedIn reference12.
It is felt that,due to the lack of sufflctent~ urementsof the
~-= ~n~ ti~ss m tie limitedReynoldsnudberrange

. of *e data,correctingthe ~sent data is unwarranted.

m ~ is a -SS p~d of fi@mes 9 and 10 with N@ePrVs
“ plottedas a I%ncttonof the Reynoldsnumberbased cm the boundary-layer
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momentum thickness. The synibols
figure 10. !Iheagreementof the
cal curveis within12 percent.
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in figure11 correspondto thosein
experlmmtalpointswith the theorett-
!thegoodagreenenttiti theoryof the

e@erlmentalresultspresentedin figures9 and 11 seemsanomalousin
view of figure10. Eowever,it shouldbe pointedout that the slopeof
the theoreticalcurveof Nu/RePrIis as a functionof U Reynolds
nmiberbased cm eitierthe lengthof fluw or the mcnEQtumthicknessIS
so SEWJ that ~ clwngesin ettherReynoldsnuniber- accompanied
by relativelysmll changesin Nu/ReFrl~s. It shouldbe notedtit tie
experimental.resultsare presentedin the farm ~U~ l@, Which iS
equivalentto the fmm Nu/Re used in the themetical analyses,since
they considera Prandtlnumberof 1.

●

h.

!l?heheat-transfer results- (fig.9) Indloatethat transitionfrom
a lamlnarboundarylayerto a turbulentboundarylayerbeginsand ends
at Reynoldsnmbers of 1 and 2 mllJlm, respectively.Thesevaluesare -
somewhatlowertlum thosereportedin referenoe3. Therewas no notloe-
able stabilizingeffectof the cooleds-ace m the lsmlnarboundary
layer. This is contraryto theoretloalpredlotlonand previousexperl- [
mentalresults(referenoe17). It is likely that no effeot was noticed
sinoethe temperaturerangeof the mrfaoe was smalland measurements
were obtainedat relatlvel.yfew stitlonsalongthe plate.

.

—

!Iheheat-transferresultsexfiibttsome scatterin the lmsneition
region,but, in general,the valuesof Nu/RePr‘la increasesmoothly
with increasingReynoldsnumbersfrom the valuesfor a laminarboun~
_ to the valuesfor a turbtientboun~ layer. In additionto tk
scatterof the data in the transitionregion,therewas noticeddurfng
the testsa considerableunsteadinessh the heat-transferrates. The
heat metersgeneratedsteadyvoltagesfor a steadylaminarboundary
layerand for a steadyturbulentboundarylayer. In the transitlm
region,however,the heat-metervoltagesosc-ted as much as *5 percent - -
abouta meanvalue. The mgnitude of the oscillationsdhangedsmoothly
-h the tiansitim regionreachinga maxlmm approximatelyin the
middlecd the regim. Zhe extentof the transitionregionas indicated
by the heat-metervoltageoscillationscorrespondedIn everycaseto tie
~sttlon regionas tidlcatedby the heat-transferdata.

CONCLUSIONS

Basedon testsof a cooledflat plate at a

a Reynolds number rmge of 0.15 to 3.1 ml~ion,
sionswere drawn:

.—

Mach nwikr of 2.4 and
the fo120wingconclu- .

Muperat’ure-recoveryfactorsfor laminerand
layer~”agreedwellwith previousflat-pkte results.

turbulentboundary
The average vsJUe “ -.

m



f= a lamlnarboundarylayerwas 0.884,and was independentof Reynolds
number. The averagevslue for a turbulentboundsrylayerwas about
0.906for Reynoldsnunibersfrom 2 to 3 ti~on. me vahzesWithinthe
ta?ansitionsone dmwed conelderableAcatter and reached a maximum of
O.m wh~ch IS higherthan~ous flat-plateresults.

2. !theheat-transferresultsf’orthe lamlnerTmun&ry layer,
when reducedto the comtant-temperature-surface case,agreedwell wi~
thecmettcalresults~ept neer the leadingedge of the plate.

3. Heat-transfer results for a turbulent boundarylayernre
foundto agreewell wIW theoryfor a compressiblet’mbulentb~
layereven thou@ the presenceof the ~ flow and naturaltransi-
tionregions~e not conelderedby the theory..

4. The tranettion from a ~ boundarylayerto a turbulent
bcnmdm!glayeras indtcatedby theheat-tiansferdatawas foundto
begin at a Re~ nu?iberof 1 milltonand end at a Reynoldsnmher
of2
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(q) Stugnufion pressure, 8 psiu.

F.gure 5.- The variutlon of heut - transfer rate8 with the
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ratio of 8urface” temperature to 8tug~atio~ temperature.
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